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INTRODUCTION
Our Raman spectral studies of the structures of celluloses I and II
had led us to the conclusion that alternating glycosidic linkages along the
cellulose molecular chain may be nonequivalent. A structure consistent with
such a finding would require reassessment of many experimental studies of cellu-
lose, in both applied and basic realms. We sought more direct evidence concern-
ing the glycosidic linkages in cellulose by investigating the solid state 13C
NMR spectra of specially prepared samples of the celluloses, in collaboration
with Dr. Gary E. Maciel and his associates at Colorado State University. The
results confirm our interpretation of the Raman spectra.
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We report high resolution 13C NMR spectra of the two major crystalline
polymorphs of cellulose and an amorphous sample, recorded using the Cross Polari-
zation/Magic-angle Spinning (CP/MAS) technique. The spectra provide important
new evidence concerning the basic structure of cellulose; they demonstrate non-
equivalence of adjacent anhydroglucose units, and are consistent with conformational
differences between the polymorphs.
Cellulose, which is the primary constituent of plant cell walls, is the
$-1,4-polymer of anhydroglucose. Its two most common polymorphs, celluloses I
and II, are usually identified with the native and the mercerized or regenerated
forms, respectively (1-3). Analyses of their vibrational spectra have led to the
conclusions that these two crystalline polymorphs represent different conformations
of the extended molecular chains (4,5). In addition, one of us has reported
evidence indicating nonequivalence of alternate glycosidic linkages along the
molecular chains, and suggesting that the dimeric anhydrocellobiose must be
viewed as the basic repeat unit in the crystalline structure (6). X-ray and
electron diffractometric studies have led to a number of different structures
over the years (1-3). An essential element in the interpretation of diffracto-
metric data on any polymer is the assumed monomeric structure and its symmetry (7).
In studies of cellulose the anhydroglucose unit has usually been taken as the
basic repeat unit. The problem has been complicated by the appearance of weak
reflections which are not consistent with the symmetry ascribed to cellulose.
Thus the refined structures vary according to whether or not the disallowed
reflections are assumed negligible (8-11). Development of the CP/MAS technique
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(12,13) and its application in investigations of complex natural products sug-
gested that the 13C NMR spectra of the celluloses could contribute to resolution
of the questions concerning their structures.
We report on four samples of cellulose. Two were special samples of
the highly crystalline polymorphic forms I and II previously characterized by x-
ray diffractometry and Raman spectroscopy (5); their preparations involved regen-
eration from phosphoric acid at different temperatures and in different media
(15,16). The third sample was Whatman CF-1 powder, a highly crystalline cellulose
I identified by fiber microscopy as fragments of acid hydrolyzed cotton linters.
The final sample was a completely amorphous cellulose prepared by regeneration
from the dimethyl sulfoxide-paraformaldehyde solvent system under anhydrous
conditions. The 1 3C NMR spectra were recorded using a modified JEOL FX-60Q
system described elsewhere (14).
The spectra are shown in Figures 1 and 2; partial assignments are noted
on the basis of comparisons with solutions of the cello-oligosaccharides and a
low DP cellulose (17). The most significant features in the spectra of the highly
crystalline forms are those corresponding to carbons 1 and 4, which anchor the
glycosidic linkages between the anhydroglucose units. The C-1 resonances for both
forms and the C-4 resonance of II show very definate splittings, in each case into
two lines of approximately equal intensities. These splittings provide direct
evidence for the presence of two types of glycosidic linkages. Since the basic
repeat distance along the chain direction is 10.3 A, or the length of an anhydro-
cellobiose unit, the most plausible interpretation is an alternation of nonequivalent
glycosidic linkages along the chains. The differences between other features in
the spectra of celluloses I and II are also consistent with differences between
chain conformations proposed on the basis of Raman spectral studies (5,6).
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The CP/MAS 13C NMR spectrum of the amorphous sample, and, hence, its
structure are clearly quite distinct from those of the I and II polymorphs. Indeed
the spectrum parallels most that of the low DP cellulose in solution in dimethyl-
sulfoxide (17) if allowance is made for a solvent shift. Broad, high shielding
shoulders appear in the C-4 and C-6 regions of some samples of polymorphs I and II;
these correspond to peaks a and b in the spectrum of the amorphous cellulose.
The results outlined above concerning polymorphs I and II, when taken
together with the vibrational spectra and the dimensions of the unit cells,
suggest that adjacent anhydroglucose units are not equivalent, and that models
of the structure of cellulose need to be constructed using anhydrocellobiose as
the basic repeat unit.
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with pertinent liquid-state spectra. I: 13,000 3-second repetitions,
1 ms contact time, 127-ms 11-gauss H decoupling, 0.35 cm sample,
2.2 KHz spinning. II: 12,342 3-second repetitions, 1 ms contact time,
127-ms 11-gauss H decoupling, 0.7 cm sample, 2.2 KHz spinning.
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Figure 2. CP/MAS 1 C NMR spectra of native I (Whatman CF-1) and amorphous
celluloses. Chemical shifts are in ppm (to lower shielding)
relative to TMS. CF-1: 12,000 3-second repetitions, 1 ms contact
time, 127-ms ll-gauss 1H decoupling, 0.7 cm3 sample, 2.2 KHz
spinning. Amorphous: 8116 4-second repetitions, 1 ms contact
time, 127-ms ll-gauss H decoupling, 0.7 cm3 sample, 2.2 KHz
spinning.
